Abstract Rapid increases in traffic volumes in countries such as Malaysia may lead to exposure to poor air quality both outdoors and indoors. This study investigated asthma symptoms among Malaysian schoolchildren in relation to indoor and outdoor air pollution in urban and semi-rural settings in a school-based cross-sectional study of 1,952 schoolchildren living in urban and semi-rural areas. Parents completed a questionnaire including questions on asthma symptoms and environmental risk factors. Air pollutant concentrations were measured at 16 schools. Analysis used multiple logistic regression controlling for sociodemographic and indoor air pollution factors. A total of 11.4, 7.6, 9.5 and 7.0 % schoolchildren had asthma, current wheeze, dry cough at night and wheezing after exercise, respectively. Asthma and dry cough were significantly higher among urban schoolchildren. A 10-μg/m 3 increase in outdoor NO 2 level was associated with a twofold increase in the reporting of current wheeze (odds ratio (OR) 1.90; 95 % confidence interval (CI) 1.02-3.52); a 10-μg/m 3 increase in indoor PM 2.5 was similarly associated with a twofold increase in the reporting of wheeze during exercise (OR 2.08; 95 % CI 1.02-4.26). Secondhand smoke (SHS), mold and the presence of new furniture at home were also linked to asthma symptoms. NO 2 concentrations in urban Malaysia frequently exceed those of the international standards. Exposure to traffic-related air pollution may be linked to asthma symptoms among children in Malaysia.
Introduction
Air pollutants in ambient air from motor vehicle traffic, industrial sources and domestic use of fossil fuel have long been associated with morbidity and mortality, and reductions of emissions such as the Irish ban on the sale of coal reduced airborne particulates which was associated with a fall in mortality (Clancy et al. 2002; Dockery et al. 2013) . In 2012, the United States Environmental Protection Agency (USEPA) revised the annual fine particulate standard to reflect the current knowledge on its potential adverse health effects on the public (Eworthy 2013) .
There is evidence that traffic-related air pollution is linked to poorer health, and its impact on children's respiratory system is a particular concern. Higher levels of ambient air pollutants such as PM 10 (Delfino et al. 1998; Delfino 2002) , NO x (Studnicka et al. 1997) , CO (Lee et al. 2003) and O 3 (Ramadour et al. 2000) have been associated with more symptoms and exacerbations of asthma among children. These pollutants are respiratory irritants and have been shown to have pro-inflammatory actions that induce inflammatory cell influx into the airways and cause changes in epithelial cells as characterised in asthma and allergy (Weisel et al. 2002) .
In Malaysia, there has been a rapid increase in traffic volumes in the past decade, increasing by 57 % between 2000 and 2007 to a total of 16.7 million vehicles (Malaysian Department of Road Transport 2009). Kuala Lumpur has the highest number of registered vehicles in Malaysia, and in 2009, there were over 4.3 million vehicles registered in the city. In Klang Valley, the most urbanised region in Malaysia, emissions from traffic-related sources are estimated to contribute between 70 and 89 % of the particulate matter and NO 2 measured in outdoor sampling positions (Afroz et al. 2003) . In 2010, typical PM 10 concentrations in Kuala Lumpur were between 40 and 60 μg/m 3 , with NO 2 concentrations between 20 and 27 μg/m 3 (Malaysian Department of Environment 2011).
The hot and humid weather in Malaysia encourages the practice of having windows and doors left open in most homes, schools and many public buildings to improve ventilation. Published studies on naturally ventilated school buildings have shown that as a result of high degree of infiltration from the outdoor into the indoor air, the concentrations of many indoor air pollutants are largely dependent upon the concentrations of pollutants found in the immediate outdoor environment (Goyal and Khare 2009; Zuraimi et al. 2007; Zhao et al. 2008) . This is in contrast to studies in temperate countries where air pollutant concentrations in schools are likely to be greater in indoor environments and tend to be largely attributed to indoor sources (Wichmann et al. 2010; Fromme et al. 2008) . Studies of asthma symptoms and exposure to air pollution where exposure levels were similar to the reported exposure level of NO 2 and PM 10 in urban Malaysia in the west are limited (Annesi-Maesano et al. 2007 ).
The present comparative cross-sectional study was designed to examine the relationship between asthma symptoms among 10-11-year-old schoolchildren and exposure to different concentrations of air pollutants in urban Kuala Lumpur and in semi-rural Negeri Sembilan in Malaysia both in school and at home.
Materials and methods
This cross-sectional study was performed between April and August 2009 in Malaysia. Ethical approval for this study was provided by the College of Life Sciences and Medicine Ethics and Review Board (CERB) of the University of Aberdeen.
Sampling location
Sampling was performed within the Federal Territory of Kuala Lumpur and three districts of Negeri Sembilan. These sampling locations were selected as representatives of the wider Malaysian population, with Kuala Lumpur to represent the urban populations and Negeri Sembilan to represent the semirural populations.
Sample size, school selection and study subjects A power calculation based on previous prevalence studies (Noorhassim et al. 2007; Azizi and Henry 1991) indicated that a sample size of 700 would provide 80 % power to detect an odds ratio (OR) of 2.72 for doctor-diagnosed asthma in urban compared to semi-rural populations at p<0.05.
Primary schools in each area were selected from the school directory available from the Education Management Information System (EMIS) (Malaysian Ministry of Education 2007). The schools invited to participate within Kuala Lumpur were all located close to large highway intersections with high traffic volumes during peak hours. The schools in semi-rural areas were selected based on the indicators such as demography, housing, economy, utility and infrastructure as described by the Department of Town and Country Planning gazette in 2005.
Some of the schools in Kuala Lumpur were located close (<500 m) to each other, and where this was the case, only the biggest school was selected for the school environmental monitoring. In Kuala Lumpur, 24 out of 27 schools were included in this study, while in Negeri Sembilan, 9 schools out of the 13 took part. Air pollution monitoring was performed in ten schools in Kuala Lumpur and six in Negeri Sembilan. Figure 1 presents the locations of the schools included in the study.
Primary year 4 and year 5 children (aged 10 to 11 years) at the participating schools were invited to take part in the study. For the questionnaire part of the study, if there were five or fewer classes in each primary year, a minimum of two classes were included. For schools with six or more classes in each primary year, half of the total number of classes were selected. Because of a low response rate (15 %) from the first two urban schools recruited, we approached further schools to improve the response. In total, 3,321 questionnaires were disseminated to school children. Of the study packs, 2,252 (67.8 %) were returned with 1,952 (58.8 %) of these providing consent from their parents or guardians for the child to participate in this study. Among the children who participated in this study, 1,290 (66.1 %) were from the 24 urban schools, and the remaining 662 (33.9 %) children were from the nine semirural schools. In total, the children who participated in the questionnaire part of the study were from 115 classrooms across 33 urban and semi-rural schools. Most of the rural schools had classes with 20 to 35 children in each class compared to 18 to 30 children in the urban school classes. No information was collected about the non-responders.
Questionnaires
Survey packs were distributed to each child for parental completion. Each survey pack contained an information sheet for parents, a parental permission form and a questionnaire booklet. All of the elements in the survey pack were presented in Malay. The questions on asthma were adapted from the International Study on Asthma and Allergy in Childhood (ISAAC) questionnaire for 6-7-year-old children (Asher et al. 2006) . All ISAAC core questions on asthma were included in this study with the addition of one question, 'Was your child's asthma diagnosed by a physician?'. In addition, questions pertaining to home environmental factors known to be associated with asthma were also included.
Measurements of indoor climate and air pollution
The measurements of indoor and outdoor air pollution were performed between the months of April and August 2009. Due to limited availability of instruments, all measurements were performed serially, i.e. school by school, with measurements completed at each school over a period of 1 week. The climate in Malaysia is hot and humid all year round (between 27 to 33°C during the day) with short rainy months and low variation in temperature and humidity. Day length is approximately 12 h all year round. As a result, any seasonal effect on measurements is likely to have been minimal.
Most of the indoor measurements in the classrooms were performed during full class occupancy except for the 30-min recess period or during physical activity periods. CO 2 , temper- ature and RH were measured using Telaire® 7001 CO 2 and Temperature Monitor (GE Sensing, MA, USA). Room volume was measured using a laser distance measurer. PM 2.5 concentrations were measured photometrically (Aerosol Monitor, TSI Shoreview, MN, USA). The HOBO CO logger H11-001 (Onset Computer Corporation, MA, USA) was used to measure CO concentration. NO 2 and O 3 concentrations were measured using passive diffusion sampler tubes and were later analysed at the manufacturer's laboratory (Gradko Plc, Hampshire, UK). Monitors for temperature, relative humidity (RH), PM 2.5 and CO were co-located in or on the outside of a sampling bag. The aerosol monitor was placed inside the bag and connected to a short Tygon tubing, with the end of the tubing protruding just outside of the monitoring bag. All instruments were set to measure at 1-min logging interval. The locations selected for the placement of instruments were the main areas where children spend most of their time: (1) two classrooms (year 4 and 5), (2) science room, where available, or computer laboratory, (3) outdoor-type canteen and (4) security post or school shed, which was usually at the main gate immediately inside the school compound. All classrooms were naturally ventilated. Indoor air pollutant measurements were taken between 7.30 a.m. and 1.30 p.m. Outdoor measurements were carried out between 7.30 a.m. and 2.30 p.m. Each measurement was repeated on at least three separate days.
For indoor measurements, the monitoring bag was placed at the seated height of the schoolchildren on top of a table at the back of the classroom, about 1 m away from the nearest child's table. The outdoor measurements were performed with the devices mounted on an adjustable tripod at a height of 1 m. For the outdoor air concentration of CO and PM 2.5 , extra samplers were placed outside one classroom in each school simultaneously during the sampling period in the classrooms.
Passive samplers for NO 2 and O 3 were placed at a height of 2.0 to 2.5 m above the ground, the tubes being attached to a makeshift metal holder which was nailed to the wall. The holder ensured the sampler was 7 cm from the wall. The samplers were exposed for 14-21 days. Field blanks for NO 2 and O 3 samplers were included for each school.
Data management and analysis
Data from the questionnaire and air pollution monitoring were entered, organised and analysed via a statistical programme (PASW Statistics version 21, SPSS Inc., USA). Correlation analyses between different air pollutant parameters were performed by a rank correlation test not requiring normal distribution (Kendall's tau-β). Children's exposure to air pollution at schools where environmental monitoring was performed was extrapolated and applied to children in schools where no environmental monitoring was performed.
Logistic regression models were used to identify the relationship between the air pollutants and asthma symptoms. Air pollution data were categorised into frequency data at intervals of 10 μg/m 3 , 10 μg/m 3 , 10 μg/m 3 and 1 mg/m 3 for PM 2.5 , NO 2 , O 3 and CO, respectively. Asthma outcome and symptom data were entered into a conventional logistic regression model, controlling for the following confounder covariates: location, gender, parental asthma, highest parental education, family salary, secondhand smoke (SHS) exposure at home, smoking restriction at home, exposure hours to SHS daily, new carpet and new furniture in the preceding 12 months in the child's room and at home, the reported presence of mold, exhaust system or kitchen extractor fan at home, pets and mosquito coil use. Subsequently, a hierarchical model was applied to the same variables as in the first analysis, the effect of clustering being controlled for classroom and for indoor air pollutants, while the school level was applied to the outdoor air pollutant (Zhao et al. 2008 ). In the final step, a threehierarchical model was applied to all air pollutant variables simultaneously with the clustering effects similarly controlled.
Results

Questionnaire data
The prevalence of reported asthma symptoms and the distribution of demographic, socio-economic and environmental factors for all participants stratified across location and gender are given in Table 1 . Fewer boys (42.7 %) were recruited than girls (57.3 %), and the mean age of the participants was 11 years. As the recruitment process only included national schools, 88 % of the children were Malay. The percentage of low-and middle-income groups was significantly different between the urban and semi-rural school children (p<0.05). The urban children were more likely to have a parent with a university level of education (p<0.05) and were less likely to live with an active smoker (p<0.05). For home environmental factors, there were no differences between the urban and semirural participants except for the higher percentage of carpet at home and new furniture in child's room (p<0.05). More semirural participants had pets at home, and they are more likely to use mosquito coil at night (p<0.05). About 15 % of the participants reported a history of parental asthma. The prevalence of asthma and dry cough at night was more prominent among urban than semi-rural children (p<0.05), and boys were more likely to report asthma and current wheeze (p<0.05).
Temperature, RH, CO 2 concentrations and average room volume
The average temperature of the classrooms and science rooms ranged from 25.2 to 31.9°C. The average RH was between 53.3 and 79.4 %, and the average CO 2 concentrations were generally less than 1,000 ppm and close to the outdoor CO 2 concentrations of 400 ppm. Only one room which is an airconditioned science room, which housed the computer room, exceeded 1,000 ppm CO 2 over the measurement period. The average school room volume were generally less than 200 m 3 . There were no differences in the average PM 2.5 and O 3 between the urban and semi-rural schools, but the NO 2 and CO levels were significantly higher in urban compared to semirural schools (p<0.05) ( Table 2) . In urban schools, temporal variations were observed in PM 2.5 and CO, with peaks occurring between approximately 7:30-9:00 a.m. and 12:00-1:30 p.m. Frequency distribution graphs of indoor and outdoor PM 2.5 , NO 2 , O 3 and CO showed that all indoor and outdoor concentrations were approximately normally distributed except for indoor CO. There was little variation in either indoor or outdoor concentrations for PM 2.5 , NO 2 , O 3 and CO in urban schools. The variation for CO concentrations in semirural schools was widest, where indoor levels were approximately 70 % of the outdoor levels.
There were significant positive correlations for PM 2.5 , NO 2 , O 3 and CO between the indoor and outdoor levels of air pollutants (tau-β 0.76, p<0.001; tau-β 0.81, p<0.001; tau-β 0.49, p<0.05; and tau-β 0.63, p<0.001, respectively). For outdoor concentrations of air pollutants, there were significant positive correlations between CO and NO 2 and negative correlations between CO and O 3 (tau-β 0.56, p<0.001 and tau-β 0.51, p<0.001, respectively). There were no significant correlations between pollutants measured indoors except for NO 2 and CO (tau-β 0.64, p<0.001). There were positive correlations for indoor CO with outdoor NO 2 and negative correlations for indoor CO with outdoor O 3 (tau-β 0.59, p<0.001 and tau-β 0.54, p<0.001, respectively). Similar correlations were observed between outdoor CO and indoor NO 2 (tau-β 0.56, p<0.001) and O 3 (tau-β −0.39, p<0.001) ( Table 3) .
Associations between air pollution and children's asthma symptoms There was a significant negative association between indoor NO 2 concentrations and reported current wheeze in the preceding 12 months (OR 0.73, 95 % CI 0.56-0.96). None of the other measured levels of air pollution showed any relationship with the reported asthma symptoms.
From the hierarchical regression model (Table 4 in the 'Appendix' section), the relationship between indoor NO 2 and current wheezing symptoms (OR<1) did not remain significant, while an increase of 10 μg/m 3 of NO 2 levels became marginally associated with the increase risk of reporting dry cough at night (OR 1.21, 95 % CI 0.98-1.49, p=0.07). None of the other pollutants produce any associations with other reported asthma symptoms.
An increase of 10 μg/m 3 of outdoor NO 2 was associated with an increased risk of reporting of wheeze in the preceding 12 months (OR 1.90, 95 % CI 1.02-3.52) ( Table 3) . A higher indoor PM 2.5 level was associated with more reporting of wheeze during exercise, while higher outdoor NO 2 level was borderline statistically significant (p=0.053) with the same outcome. An increased risk for wheeze during exercise was associated with a higher exposure to indoor PM 2.5 (OR 2.08, 95 % CI 1.02-4.26 for a 10-μg/m 3 increment) and to outdoor NO 2 (OR 1.95, 95 % CI 0.99-3.81 for a 10-μg/m 3 increment). The association between the risk of dry cough at night and higher outdoor NO 2 levels was no longer observed. Associations between personal and environmental factors at home with asthma symptoms Exposure to SHS for 1-3 h daily to SHS was associated with a higher likelihood of reporting current wheeze and wheeze during exercise, while reported asthma was higher among children who reported exposure to more than 4 h of SHS daily (Table 3 ). For dry cough at night, the presence of two or more smokers at home was statistically significantly associated with an increased risk, while the presence of mold within a home was associated with dry cough at night. The presence of new chipboard furniture in a child's room was associated with increased reporting of current wheeze.
Discussion
This study examined the respiratory health of 10-to 11-yearold children in urban and semi-rural Malaysia in relation to their exposure to air pollutants. We found that an increase of 10 μg/m 3 in outdoor NO 2 levels was associated with a near doubling of reported wheeze in the preceding 12 months (OR 1.90, 95 % CI 1.02-3.52), while reported wheezing during exercise was increased by a similar amount in association with both an increase of 10 μg/m 3 in indoor PM 2.5 (OR 2.08, 95 % CI 1.02-4.26) and an increase of 10 μg/m 3 in outdoor NO 2 (OR 1.95, 95 % CI 0.99-3.81). SHS exposure was found to be significantly associated with most asthma symptoms. This study also found significant associations between current wheeze and the use of new chipboard furniture and between mold and dry cough at night.
The major strength of the study is the large sample size and the comprehensive and multiple measurements of air pollutant concentrations in a number of different environments in schools. There are some limitations of this study. Firstly, no personal exposure assessments were performed. Instead, proxy measurements were used to estimate exposures to indoor air pollution. Secondly, no objective measurements such as lung function for the health element of this study were performed. Thirdly, the study was restricted to national schools which resulted in a Malay-dominated population and under-representation of children in other ethnic groups. ORs refer to a step change of 10 μg/m 3 , 10 μg/m 3 , 10 μg/m 3 and 1 mg/m 3 of PM 2.5 , NO 2 , O 3 and CO, respectively. To address the effects of clustering (class, school), the exposure to indoor air pollutants was controlled at the classroom and school levels, while the outdoor air pollutants were controlled at the location level a Three-level hierarchical logistic model (school-class-student) was applied with all factors related to personal, home exposure and indoor and outdoor air pollutants were included in the model simultaneously *p<0.05 **p<0.01 ‡ p<0.001
Thus, the results of this study should be interpreted with care and not be generalised to other ethnic populations. In addition, the prevalence of adult (parents) smokers is significantly higher among the Malay ethnic group, so it is likely that the children in this study are more exposed to SHS (Rampal et al. 2008) compared to the wider population of school children aged 10-11 in Malaysia. We found, as with other studies, that exposure to SHS was associated with asthma symptoms, but the multiple regression analysis suggests that SHS and outdoor pollutants are exerting independent effects on children's health. Lastly, the sample of children who participated in this study was generally more skewed towards the urban area. NO 2 concentrations measured at urban schools were significantly higher when compared to those in semi-rural settings compatible with their positioning near busy traffic intersections with high traffic volumes. The strong positive correlation between the paired indoor and outdoor NO 2 concentrations supported the assumption that indoor NO 2 mainly originated from outdoor sources since there were no obvious indoor sources of gas combustion. Indoor/outdoor (I/O) ratios among the urban schools were close to 1 compared to those observed for the semi-rural schools which were 0.81 (data not shown).
The Recommended Malaysian Ambient Air Quality Guidelines (RMAQG) are comparable to those used in the UK and in the USA for most pollutants except for NO 2 , in which there is no existing RMAQG annual standard to refer to. Due to the high 24-h RMAQG standard, none of the NO 2 concentrations measured exceeded the exposure limit (76.4 μg/m 3 ), but when compared to existing international exposure standards, this study found NO 2 concentrations in urban schools to be consistently 40 % higher than those in the UK's annual air quality standard of 40 μg/m 3 .
Comparing the present study to other studies with similar classroom characteristics (i.e. where natural ventilation is used within classrooms), our study population is among the populations with highest reported exposures to NO 2 , with the exception of one study in China where the concentrations were between 33 and 85 μg/m 3 indoors and 45 and 80 μg/ m 3 outdoors . The variation of NO 2 found between urban and semi-rural schools was less (three to four times) compared to a study in France where NO 2 measured in urban classrooms was about eight times higher than those concentrations measured in rural classrooms (Hulin et al. 2011) .
The present study reported that approximately half of all PM 2.5 measurements during school hours exceeded the 24-h WHO guideline limit of 25 μg/m 3 . However, these levels were lower than the levels reported in naturally ventilated classrooms elsewhere (Goyal and Khare 2009; Zuraimi et al. 2007) . Despite the large differences in traffic volumes, the concentrations of PM 2.5 were similar in urban and semi-rural schools. There was a significant inverse relationship between PM 2.5 and NO 2 in semi-rural schools, suggesting that the PM was not due to traffic-related emissions in these areas, most likely arising from agricultural or other non-motor vehiclederived sources. Possible agricultural slash-and-burn land clearing activities might be one of the reasons for the higher PM. Another likely reason is that Negeri Sembilan is located in an area with the lowest rainfall in Malaysia. Cities located in low rainfall areas with soils which are prone to wind erosion may experience periods of high airborne particulate levels (McGranahan and Murray 2003) . Although PM concentrations were not significantly different between the urban and semi-rural areas, unlike NO 2 , it does imply that the trafficgenerated pollution is contributing to the higher likelihood of reporting respiratory symptoms among the study populations in the urban areas.
We have shown a slightly higher prevalence of asthma in this age group compared to the 9 % global prevalence in children, but a much lower prevalence compared to those observed in European and Oceanic regions (Asher et al. 2006 ). This study also reported a lower prevalence of dry cough at night (10.5 %) and current wheeze (7.6 %) compared to the studies in Singapore (Zuraimi et al. 2008) and Taiwan (Lee et al. 2007 ). For the symptom of exercise-induced wheeze, we found a similar prevalence to that found among a cohort of Taiwanese children (Lee et al. 2007) .
From the logistic regression analysis, NO 2 exposure was found to be among the predictors for the reporting of current wheeze in the preceding 12 months. This is broadly in agreement with other previous longitudinal and cross-sectional studies in the USA and Korea which have documented the risk for asthma-related symptoms due to NO 2 exposure from traffic-related sources in schools (Gauderman et al. 2005; Kim et al. 2011) .
Another important link was found between the symptom of wheeze during exercise and PM 2.5 levels. Air pollutants in outdoor air predominantly come from traffic and industrial sources and contain VOCs such as benzene and formaldehyde that have been linked to exacerbations of asthma symptoms in children (Delfino et al. 2003) . Many of these air pollutants are attached to PM (Weisel 2002) . Although the levels of particulate did not exceed the existing standards for most schools, the association between PM 2.5 and asthma symptom was present in the final model. Marked temporal variations in air pollution were also present with higher PM 2.5 peaks observed during peak hours in the mornings and afternoons. Although the averaged time exposures of children were low, the reported link between PM 2.5 and asthma might be associated with the high peaks of PM 2.5 exposures at hours when children spend their time outside the school. In a previous study, urinary leukotriene E4 or LTE4 levels were found to be associated with morning hourly ambient exposure to PM 2.5 (<30 μg/m 3 ), but not to 24-h average PM 2.5 (12 μg/m 3 ) (Rabinovitch et al. 2006) . These short-term PM excursions above or below the current 24-h standard have been suggested as the reason why many epidemiological studies have shown associations between asthma-related symptoms with 24-h average PM levels below the existing standards of USEPA. There is also a need to consider that the significant positive contribution of PM 2.5 to the reported symptom of wheezing during exercise may be an isolated association due to the effects of multiple testing (Parker and Rothenberg 1988) .
This study also highlighted the significance of SHS on children's respiratory health. Many studies (Pattenden et al. 2006; Cook and Strachan 1999; Vork et al. 2007 ) have reported a contribution of SHS to the burden of respiratory system diseases among children. This study also found the association between the increase of current wheeze and dry cough at night with the presence of new furniture and mold at home. The symptom of current wheeze could be explained by the presence of chemicals such as formaldehyde which is commonly used as a resin in chipboard or particleboard furniture. Indoor molds have also been reported to be associated with asthma attacks among children in China ).
Conclusion
In this study in Malaysia, children's exposure to trafficrelated air pollution in a large number of schools is higher than the WHO guidance limit values which are set to protect the public from the health effects of air pollutants. Exposure to traffic-related pollution was found to be associated with a number of asthma symptoms. With the evidence of a strong relationship between NO 2 and asthma symptoms, there is a need for the relevant authorities to extend efforts to reduce children's exposure to traffic-related NO 2 in school environments.
This study has also highlighted the importance of interventions at home to improve air quality: exposure to fine particulate from SHS in homes where parents' smoke is also associated with respiratory morbidity. Interventions given to parents in the form of information and motivation by educating them about the impact of smoking on air quality at home could be considered. 
